All relevant data are within the manuscript and its Supporting Information files.

Introduction {#sec001}
============

Long-term memory (LTM) requires hours to transform labile memory to the long-lasting form of memory and needs *de novo* protein synthesis to support the synaptic morphology changes \[[@pgen.1008963.ref001], [@pgen.1008963.ref002], [@pgen.1008963.ref003]\]. Moreover, in many species, LTM formation requires cAMP-response element-binding protein (CREB)-mediated gene transcription and protein synthesis \[[@pgen.1008963.ref004]--[@pgen.1008963.ref007]\]. CREB is a leucine-zipper transcription factor, which is evolutionarily conserved across species. The basic region of the leucine-zipper proteins binds to cAMP-response element (CRE) sites and regulates downstream gene expression. CREB knockout mice have been reported to have a defect in LTM although the initial learning and short-term memory (STM) is normal \[[@pgen.1008963.ref008]\]. In *Drosophila*, both shock-punitive and sugar-reward LTMs require CREB2 activity, and ectopic expression of CREB2 repressor (*dCREB2b*) disrupts olfactory LTMs but not STMs \[[@pgen.1008963.ref006], [@pgen.1008963.ref009]\]. In *Aplysia*, microinjection of the CRE sequence into the nucleus of sensory neurons selectively blocks long-term facilitation without affecting the short-term facilitation \[[@pgen.1008963.ref010]\].

Thirsty fruit flies can be trained to associate a specific odor (a conditioned stimulus, CS) with water (an unconditioned stimulus, US) to form water-reward memory, which can last for over 24 hours \[[@pgen.1008963.ref001], [@pgen.1008963.ref011]\]. *De novo* protein synthesis and several LTM specific genes are required for this process, suggesting that the long-lasting water memory is an LTM and not STM \[[@pgen.1008963.ref001]\]. The dendritic regions of the mushroom body (MB), traditionally viewed as the olfactory memory center known as calyx, receive olfactory input from the antenna lobe via the projection neurons, and this olfactory information is transformed into sparse neural codes in the MB \[[@pgen.1008963.ref012], [@pgen.1008963.ref013]\]. The specific dopaminergic protocerebral anterior medial (PAM) neurons, called PAM-β′1 convey the water-rewarding inputs to the MB in thirsty flies \[[@pgen.1008963.ref001]\]. Therefore, the association between an odor and water-reward is established in the MB, which is finally transformed into water-reward LTM (wLTM) \[[@pgen.1008963.ref001]\].

The MB is a paired neuropil structure comprising approximately 2000 Kenyon cells in each brain hemisphere \[[@pgen.1008963.ref014]\]. The Kenyon cells can be divided into αβ, γ, and α′β′ neurons according to their axonal distributions. Here, we report that genetic inactivation of protein synthesis by expressing the activated cold-sensitive *ricin* (RICIN^CS^) during memory formation in αβ or γ neurons disrupts wLTM. Furthermore, adult stage-specific expression of *dCREB2b* in αβ or γ neurons also disrupts wLTM. It has been shown that neurotransmission from αβ and γ neurons is required for wLTM retrieval \[[@pgen.1008963.ref001]\]. The αβ and γ neurons can be further classified into five different subsets including αβ core, αβ surface, αβ posterior, γ main, and γ dorsal \[[@pgen.1008963.ref015]\]. Our results showed that the neurotransmission from αβ surface and γ dorsal is required for wLTM retrieval, whereas the αβ core, αβ posterior, and γ main are dispensable. Adult stage-specific expression of *dCREB2b* in αβ surface or γ dorsal also disrupts wLTM. Finally, we observed an increased *in vivo* calcium response in αβ surface and a decreased calcium response in γ dorsal in response to the training odor at 24-hour post-training in thirsty flies. These training-induced calcium response changes to odors were abolished by *dCREB2b* expression, suggesting that wLTM traces are formed in these MB circuits.

Results {#sec002}
=======

*De novo* protein synthesis and CREB2 activity in αβ and γ neurons are critical for wLTM {#sec003}
----------------------------------------------------------------------------------------

It has been shown that both shock-punitive and sugar-reward LTMs require *de novo* protein synthesis in *Drosophila* \[[@pgen.1008963.ref003], [@pgen.1008963.ref009]\]. Our previous study also suggests that *de novo* protein synthesis is essential for wLTM formation \[[@pgen.1008963.ref001]\]. To investigate whether protein synthesis in MB neurons is critical for wLTM formation, we genetically inactivated the protein synthesis in MB neurons by expressing RICIN^CS^, a toxin that inhibits the eukaryotic ribosomes by cleaving the N-glycosidic bond of 28S rRNA \[[@pgen.1008963.ref016], [@pgen.1008963.ref017]\]. All the flies were kept at 18°C until eclosion to avoid the developmental effects of RICIN^CS^ and water-reward conditioning was performed at 18°C. The trained flies were then transferred to 30°C for 12 hours right after the training, and moved back to 18°C for another 12 hours and tested at 18°C. We observed that genetic inactivation of protein synthesis in MB neurons during memory formation disrupts wLTM ([Fig 1A](#pgen.1008963.g001){ref-type="fig"} and [S1 Fig](#pgen.1008963.s001){ref-type="supplementary-material"}). Furthermore, protein synthesis in MB γ and αβ neurons was found to be essential for wLTM formation, whereas it was dispensable in α′β′ neurons ([Fig 1B--1G](#pgen.1008963.g001){ref-type="fig"} and [S1 Fig](#pgen.1008963.s001){ref-type="supplementary-material"}). Since LTM formation is a CREB-dependent process that requires gene transcription and *de novo* protein synthesis, it prompted us to ask that CREB activity in which MB neurons are critical for wLTM. It has been shown that constitutive *dCREB2b* expression in MB neurons causes a significant neuroanatomical damage in the MB \[[@pgen.1008963.ref018]\]. We therefore used *tub-GAL80*^*ts*^ to limit *UAS-dCREB2b* expression to whole MB neurons (*OK107-GAL4*), γ neurons (*R16A06-GAL4*), αβ neurons (*C739-GAL4*), or α′β′ neurons (*VT30604-GAL4*) in adult flies to eliminate these developmental defects. Flies were kept at 18°C until eclosion to avoid *dCREB2b* expression during the developmental stage. After eclosion, adult flies were transferred to 30°C for *dCREB2b* transgene expression for three days. Water-reward conditioning was performed at 30°C and the trained flies were kept at 30°C for 8 hours, and then moved back to 18°C for 16 hours and tested. Flies in the control group were kept at 18°C throughout the experiment. We found that the adult stage-specific expression of *dCREB2b* in γ or αβ neurons disrupted the wLTM, whereas *dCREB2b* expression in α′β′ neurons did not affect the wLTM ([Fig 2](#pgen.1008963.g002){ref-type="fig"} and [S1 Fig](#pgen.1008963.s001){ref-type="supplementary-material"}).

![Blocking *de novo* protein synthesis in αβ and γ neurons during memory formation disrupts wLTM.\
(A) Blocking protein synthesis in MB neurons using *R13F02-GAL4* to drive the expression of activated RICIN^CS^ during memory formation impaired wLTM. After training at 18°C, the flies were moved to 30°C for 12 h to activate RICIN^CS^, moved back to 18°C for another 12 h to inactivate RICIN^CS^, and then tested for memory retention at 18°C (left panel). Each value represents mean ± SEM (N = 8). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal with inactive RICIN^CS^ (18°C) expression in MB neurons all the way during behavioral assay (right panel). Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA. (B-C) Blocking protein synthesis during memory formation in γ neurons using *R16A06-GAL4* (B) or *5HT1B-GAL4* (C) to drive the expression of activated RICIN^CS^ (30°C, left panel) impaired wLTM. Each value represents mean ± SEM (N = 8). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (D-E) Blocking protein synthesis in αβ neurons during memory formation using *C739-GAL4* (D) or *VT49246-GAL4* (E) to drive the expression of activated RICIN^CS^ (30°C, left panel) impaired wLTM. Each value represents mean ± SEM (N = 8). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (F-G) Blocking protein synthesis in α′β′ neurons using *VT30604-GAL4* (F) or *VT57244-GAL4* (G) to drive the expression of activated RICIN^CS^ (30°C) did not affect wLTM. Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA.](pgen.1008963.g001){#pgen.1008963.g001}

![Adult stage-specific expression of *dCREB2b* in αβ and γ neurons disrupts wLTM.\
(A) Inducible expression of *dCREB2b* in MB neurons using *OK107-GAL4* impaired the 24-hour water-reward memory. Adult flies were raised at 18°C and then transferred to 30°C for three days before training to remove *tub-GAL80ts* inhibition of *GAL4* activity. Each value represents mean ± SEM (N = 7\~9). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (B) Inducible expression of *dCREB2b* in γ neurons using *R16A06-GAL4* impaired the 24-hour water-reward memory. Each value represents mean ± SEM (N = 6\~11). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (C) Inducible expression of *dCREB2b* in αβ neurons using *C739-GAL4* impaired the 24-hour water-reward memory. Each value represents mean ± SEM (N = 8). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (D) Inducible expression of *dCREB2b* in α′β′ neurons using *VT30604-GAL4* did not affect the 24-hour water-reward memory. Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA.](pgen.1008963.g002){#pgen.1008963.g002}

wLTM retrieval requires neurotransmission from αβ surface and γ dorsal neuron subsets {#sec004}
-------------------------------------------------------------------------------------

The *de novo* protein synthesis and CREB2 activity in αβ and γ neuron subsets were found to be essential for wLTM formation (Figs [1](#pgen.1008963.g001){ref-type="fig"} and [2](#pgen.1008963.g002){ref-type="fig"}). This led us to investigate whether the neurotransmission from specific αβ and γ neuron subsets plays a crucial role in wLTM. It has been shown that wLTM retrieval requires neurotransmission from αβ and γ neurons \[[@pgen.1008963.ref001]\]. The αβ and γ neurons can be further classified into αβ core, αβ surface, αβ posterior, γ main, and γ dorsal subsets \[[@pgen.1008963.ref015]\]. We analyzed the role of each αβ and γ neuron subsets in wLTM retrieval. The *GAL4* labelled subsets of αβ and γ neurons were identified including αβ posterior (labeled by *VT14429-GAL4* & *VT24615-GAL4*; [Fig 3A and 3C](#pgen.1008963.g003){ref-type="fig"}), αβ core (labeled by *VT0841-GAL4* & *VT8347-GAL4;* [Fig 3E and 3G](#pgen.1008963.g003){ref-type="fig"}), αβ surface (labeled by *VT20803-GAL4* & *VT21845-GAL4*; [Fig 3I and 3K](#pgen.1008963.g003){ref-type="fig"}), γ main (labeled by *R64C08-GAL4*; [Fig 4A](#pgen.1008963.g004){ref-type="fig"}), and γ dorsal (*R93G04-GAL4* & *MB607B-GAL4*; [Fig 4C and 4E](#pgen.1008963.g004){ref-type="fig"}). We genetically expressed the temperature-sensitive *shibire* (*shi*^*ts*^) transgene in individual αβ and γ neuron subset via these specific GAL4 lines. The transgenic flies were trained and kept at 23°C during the wLTM experiment and were moved to 32°C only during testing to block the neurotransmitter outputs in the memory retrieval phase. Blocking neurotransmission from αβ surface or γ dorsal neuron subsets during memory retrieval disrupted the wLTM (Figs [3J](#pgen.1008963.g003){ref-type="fig"}, [3L](#pgen.1008963.g003){ref-type="fig"}, [4D](#pgen.1008963.g004){ref-type="fig"}, [4F](#pgen.1008963.g004){ref-type="fig"} and [S2 Fig](#pgen.1008963.s002){ref-type="supplementary-material"}), whereas blocking neurotransmission from αβ posterior ([Fig 3B and 3D](#pgen.1008963.g003){ref-type="fig"}), αβ core ([Fig 3F and 3H](#pgen.1008963.g003){ref-type="fig"}), or γ main neuron subsets ([Fig 4B](#pgen.1008963.g004){ref-type="fig"}) during memory retrieval did not affect the wLTM.

![Retrieval of wLTM requires neurotransmission from αβ surface neurons.\
(A) The expression pattern of *VT14429-GAL4* and the high-magnification signal from the horizontal confocal cross section of the MB vertical lobe (top right inset). (B) Blocking neurotransmission from αβ posterior neurons (*VT14429-GAL4*) using *shi*^*ts*^ during retrieval did not affect the 24-hour water-reward memory. Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA. (C) The expression pattern of *VT24615-GAL4* and the high-magnification signal from the horizontal confocal cross section of the MB vertical lobe (top right inset). The brain neuropils were immunostained with anti-discs large (DLG) antibody (magenta). Scale bar represents 50 μm. (D) Blocking neurotransmission from αβ posterior neurons (*VT24615-GAL4*) using *shi*^*ts*^ during retrieval did not affect the 24-hour water-reward memory. Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA. (E) The expression pattern of *VT0841-GAL4* and the high-magnification signal from the horizontal confocal cross section of the MB vertical lobe (top right inset). (F) Blocking neurotransmission from αβ core neurons (*VT0841-GAL4*) using *shi*^*ts*^ during retrieval did not affect the 24-hour water-reward memory. Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA. (G) The expression pattern of *VT8347-GAL4* and the high-magnification signal from the horizontal confocal cross section of the MB vertical lobe (top right inset). The brain neuropils were immunostained with anti-DLG antibody (magenta). Scale bar represents 50 μm. (H) Blocking neurotransmission from αβ core neurons (*VT8347-GAL4*) using *shi*^*ts*^ during retrieval did not affect the 24-hour water-reward memory. Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA. (I) The expression pattern of *VT20803-GAL4* and the high-magnification signal from the horizontal confocal cross section of the MB vertical lobe (top right inset). (J) Blocking neurotransmission from αβ surface neurons (*VT20803-GAL4*) using *shi*^*ts*^ during retrieval disrupted the 24-hour water-reward memory (left panel). Each value represents mean ± SEM (N = 7). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal in *VT20803-GAL4 \> UAS-shi*^*ts*^ flies as compared to their internal control groups in 23°C (right panel). Each value represents mean ± SEM (N = 6). p \> 0.05; one-way ANOVA. (K) The expression pattern of *VT21845-GAL4* and the high-magnification signal from the horizontal confocal cross section of the MB vertical lobe (top right inset). The brain neuropils were immunostained with anti-DLG antibody (magenta). Scale bar represents 50 μm. (L) Blocking neurotransmission from αβ surface neurons (*VT21845-GAL4*) using *shi*^*ts*^ during retrieval disrupted the 24-hour water-reward memory (left panel). Each value represents mean ± SEM (N = 8). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal in *VT21845-GAL4 \> UAS-shi*^*ts*^ flies as compared to their internal control groups in 23°C (right panel). Each value represents mean ± SEM (N = 8). p \> 0.05; one-way ANOVA.](pgen.1008963.g003){#pgen.1008963.g003}

![wLTM retrieval requires neurotransmission from γ dorsal neurons.\
(A) The expression pattern of *R64C08-GAL4* and the high-magnification signal from the frontal confocal cross section of the MB horizontal lobe (top right inset). The brain neuropils were immunostained with anti-DLG antibody (magenta). Scale bar represents 50 μm. (B) Blocking neurotransmission from γ main neurons (*R64C08-GAL4*) using *shi*^*ts*^ during retrieval did not affect wLTM. The 24-hour water-reward memory was normal in *R64C08-GAL4 \> UAS-shi*^*ts*^ flies as compared to their internal control groups in 32°C. Each value represents mean ± SEM (N = 10). p \> 0.05; one-way ANOVA. (C) The expression pattern of *R93G04-GAL4* and the high-magnification signal from the frontal confocal cross section of the MB horizontal lobe (top right inset). (D) Blocking neurotransmission from γ dorsal neurons (*R93G04-GAL4*) using *shi*^*ts*^ during retrieval disrupted wLTM (left panel). Each value represents mean ± SEM (N = 12). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal in *R93G04-GAL4 \> UAS-shi*^*ts*^ flies as compared to their internal control groups in 23°C (right panel). Each value represents mean ± SEM (N = 6). p \> 0.05; one-way ANOVA. (E) The expression pattern of *MB607B-GAL4* and the high-magnification signal from the frontal confocal cross section of the MB horizontal lobe (top right inset). The brain neuropils were immunostained with anti-DLG antibody (magenta). Scale bar represents 50 μm. (F) Blocking neurotransmission from γ dorsal neurons (*MB607B-GAL4*) using *shi*^*ts*^ during retrieval disrupted wLTM (left panel). Each value represents mean ± SEM (N = 8\~9). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal in *MB607B-GAL4 \> UAS-shi*^*ts*^ flies as compared to their internal control groups in 23°C (right panel). Each value represents mean ± SEM (N = 6). p \> 0.05; one-way ANOVA.](pgen.1008963.g004){#pgen.1008963.g004}

CREB2 activity in αβ surface and γ dorsal neuron subsets is critical for wLTM {#sec005}
-----------------------------------------------------------------------------

Our results showed the CREB2 activity in αβ and γ neuron subsets is essential for wLTM formation ([Fig 2](#pgen.1008963.g002){ref-type="fig"}). In addition, neurotransmission from αβ surface or γ dorsal neuron subsets is required for wLTM (Figs [3](#pgen.1008963.g003){ref-type="fig"} and [4](#pgen.1008963.g004){ref-type="fig"}). These results together led us to investigate whether the CREB2 activity in αβ surface and γ dorsal neurons is essential for wLTM. We, therefore, tested the effect of adult stage-specific *dCREB2b* expression in each αβ and γ neuron subset on wLTM. We used *tub-GAL80*^*ts*^ to limit *UAS-dCREB2b* expression to αβ surface (*VT20803-GAL4*), γ dorsal (*R93G04-GAL4*), αβ posterior (*VT24615-GAL4*), αβ core (*VT8347-GAL4*), or γ main (*R64C08-GAL4*) in adult flies to eliminate the developmental defects of MB neurons. We found that adult stage-specific expression of *dCREB2b* in αβ surface or γ dorsal neuron subsets disrupted the wLTM ([Fig 5A and 5B](#pgen.1008963.g005){ref-type="fig"}). However, adult stage-specific expression of *dCREB2b* in αβ core, αβ posterior, or γ main neuron subsets did not affect wLTM formation ([Fig 5C--5E](#pgen.1008963.g005){ref-type="fig"}). In addition, we found that blocking *de novo* protein synthesis in αβ surface or γ dorsal neuron subsets also disrupted the wLTM ([S3 Fig](#pgen.1008963.s003){ref-type="supplementary-material"}). Taken together, these results suggest that wLTM formation requires CREB2 activity and *de novo* protein synthesis specifically in αβ surface and γ dorsal neurons.

![Adult stage-specific expression of *dCREB2b* in αβ surface or γ dorsal neurons disrupts wLTM.\
(A) Inducible expression of *dCERB2b* in αβ surface neurons (*VT20803-GAL4*) disrupted wLTM. The 24-hour water-reward memory was disrupted in flies carrying *VT20803-GAL4 \> UAS-dCREB2b; tub-GAL80*^*ts*^ compared to their internal controls. Each value represents mean ± SEM (N = 8). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (B) Inducible expression of *dCERB2b* in γ dorsal neurons disrupted wLTM. The 24-hour water-reward memory was disrupted in flies carrying *R93G04-GAL4 \> UAS-dCREB2b; tub-GAL80*^*ts*^ compared to their internal controls. Each value represents mean ± SEM (N = 8\~10). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. (C) Inducible expression of *dCERB2b* in αβ posterior (*VT24615-GAL4*) did not affect wLTM. The 24-hour water-reward memory was normal in flies carrying *VT24615-GAL4 \> UAS-dCREB2b; tub-GAL80*^*ts*^ compared to their internal controls. Each value represents mean ± SEM (N = 8\~10). p \> 0.05; one-way ANOVA. (D) Inducible expression of *dCERB2b* in αβ core (*VT8347-GAL4*) neurons did not affect wLTM. The 24-hour water-reward memory was normal in flies carrying *VT8347-GAL4 \> UAS-dCREB2b; tub-GAL80*^*ts*^ compared to their internal controls. Each value represents mean ± SEM (N = 8\~10). p \> 0.05; one-way ANOVA. (E) Inducible expression of *dCERB2b* in γ main (*R64C08-GAL4*) neurons did not affect wLTM. The 24-hour water-reward memory was normal in flies carrying *R64C08-GAL4 \> UAS-dCREB2b; tub-GAL80*^*ts*^ compared to their internal controls. Each value represents mean ± SEM (N = 8\~10). p \> 0.05; one-way ANOVA.](pgen.1008963.g005){#pgen.1008963.g005}

Different dynamics of cellular calcium response to training odor in αβ surface and γ dorsal neurons {#sec006}
---------------------------------------------------------------------------------------------------

LTM formation occurs through a series of changes within neurons, which is essential to encode the relevant sensory inputs. The cellular calcium response to the associative stimuli can be any neural activity change induced by learning, which alters the neuronal response to the sensory information. This change allows the neurons to become more or less excitable, which in turn makes them more or less capable to fire an action potential. Functional *in vivo* calcium imaging has provided insights into neuronal responses to specific odors in a living fly brain by allowing the examination of increased or decreased calcium responses to training odor after conditioning \[[@pgen.1008963.ref019]\]. Several previous studies have shown that different calcium responses to training odor (called memory trace) occurs in the distinct axons of MB neurons at different time windows after odor/shock conditioning \[[@pgen.1008963.ref020]--[@pgen.1008963.ref023]\]. We therefore investigated whether the thirsty flies could form a memory trace in MB neurons after odor/water conditioning, and the paired and unpaired training protocols were used for *in vivo* calcium imaging analysis. For the paired training group, the thirsty flies carrying *UAS-GCaMP6*m plus *VT20803-GAL4* received CS− odor without water, followed by exposure to the CS+ odor with water. For the unpaired training group, the thirsty flies received CS− odor without water, followed by exposure to the CS+ odor without water, and the water was provided 1-minute after CS+ odor delivery. A significantly increased calcium response to training odor was observed in the α-lobe region of the αβ surface neurons, but not in the αβ core neurons at 24-hour after odor/water association in thirsty flies ([Fig 6](#pgen.1008963.g006){ref-type="fig"} and [S4 Fig](#pgen.1008963.s004){ref-type="supplementary-material"}). The increased cellular calcium response to training odor was eliminated in the same flies carrying *UAS-dCREB2b* transgene, suggesting that this 24-hour memory trace is CREB2-dependent ([Fig 6](#pgen.1008963.g006){ref-type="fig"}). Moreover, the increased cellular calcium response to training odor occurred not only in the α-lobe but also in the β-lobe of surface neurons ([S5 Fig](#pgen.1008963.s005){ref-type="supplementary-material"}).

![αβ surface neurons show a CREB2-dependent increased cellular calcium response to training odor at 24-hour post-conditioning.\
Top diagram illustrating the protocols of paired training, unpaired training, and *in vivo* calcium imaging. (A) The GCaMP6 response 24-hour after water-reward conditioning was assayed in αβ surface neurons (the image-recording region is showed in the top left figure). For the paired training group: flies received CS− odor without water-reward (US), followed by exposure to the CS+ odor with water-reward. For the unpaired training group: flies received CS− odor without water-reward, followed by exposure to CS+ odor without water-reward, and water-reward was delivered 1-minute after CS+ odor. Odor/water paired training induced additional increment of GCaMP6 responses in the α-lobe region of αβ surface neurons to the training odor \[OCT-trained flies: OCT (CS+), MCH-trained flies: MCH (CS+)\] in thirsty-state. This additional increased calcium response was abolished in water-sated state (flies allowed to drink water for 30 minutes before *in vivo* calcium imaging recording) or in thirsty flies with *dCREB2b* expression in αβ surface neurons. (B) Quantification of the GCaMP6 responses to the training odor (CS+) relative to the non-training odor (CS−) in the α-lobe region of αβ surface neurons in OCT-trained (left panel) or MCH-trained (right panel) flies at 24-hour post-conditioning. The Log ratios of the CS+ response to the CS− response were calculated using the peak response amplitudes. Each value represents mean ± SEM (N = 8\~12). \*, p \< 0.05; significantly different from zero; one sample t-test. Genotype: (1) Flies carrying *UAS-GCaMP6m/tub-GAL80*^*ts*^*;VT20803-GAL4*/+ transgenes were used for Paired training (thirsty), Paired training (water sated), and Unpaired training (thirsty) experiments, (2) Flies carrying *UAS-GCaMP6m/tub-GAL80*^*ts*^*; VT20803-GAL4/UAS-dCREB2b* transgenes were used for Paired training (*dCREB2b*; thirsty) experiment.](pgen.1008963.g006){#pgen.1008963.g006}

In addition, thirsty flies carrying *UAS-GCaMP6*m plus *R93G04-GAL4* were trained to associate an odor with water, and 24-hour odor responses were recorded. Intriguingly, we found that naïve flies showed decreased calcium responses to odor in the γ dorsal neurons ([Fig 7](#pgen.1008963.g007){ref-type="fig"} and [S6 Fig](#pgen.1008963.s006){ref-type="supplementary-material"}). However, in the paired training group, the decrease in calcium response to training odor was even stronger compared to the naïve flies 24-hour after training ([Fig 7](#pgen.1008963.g007){ref-type="fig"}). This training-induced additional decrease in calcium response to training odor was eliminated in the same flies carrying *UAS-dCREB2b* transgene. These results suggest that thirsty flies show an increased cellular calcium response to training odor in αβ surface neurons and a decreased cellular calcium response to training odor in γ dorsal neurons at 24-hour after odor/water conditioning, which implies that different neuronal dynamics of wLTM trace occur in αβ surface and γ dorsal neurons ([Fig 8](#pgen.1008963.g008){ref-type="fig"}).

![γ dorsal neurons show a CREB2-dependent decreased cellular calcium response to training odor at 24-hour post-conditioning.\
Top diagram illustrating the protocols of paired training, unpaired training, and *in vivo* calcium imaging. (A) The GCaMP6 response 24-hour after water-reward conditioning was assayed in γ dorsal neurons (the image-recording region is showed in the top left figure). For the paired training group: flies received CS− odor without water-reward (US), followed by exposure to the CS+ odor with water-reward. For the unpaired training group: flies received CS− odor without water-reward, followed by exposure to CS+ odor without water-reward, and the water-reward was delivered 1-minute after CS+ odor. Odor/water paired training induced an additional decrease in GCaMP6 responses in the γ-lobe region of the γ dorsal neurons to the training odor \[OCT-trained flies: OCT (CS+), MCH-trained flies: MCH (CS+)\] in thirsty-state. This additional decreased calcium response was abolished in water-sated state (flies allowed to drink water for 30 minutes before *in vivo* calcium imaging recording) or in thirsty flies with *dCREB2b* expression in γ dorsal neurons. (B) Quantification of the GCaMP6 responses to the training odor (CS+) relative to the non-training odor (CS−) in the γ-lobe region of γ dorsal neurons in OCT-trained (left panel) or MCH-trained (right panel) flies at 24-hour post-conditioning. The Log ratios of the CS+ response to the CS− response were calculated using the peak response amplitudes. Each value represents mean ± SEM (N = 9\~11). \*, p \< 0.05; statistically significantly different from zero; one sample t-test. Genotype: (1) Flies carrying *UAS-GCaMP6m/tub-GAL80*^*ts*^*; R93G04-GAL4/+* transgenes were used for Paired training (thirsty), Paired training (water sated), and Unpaired training (thirsty) experiments, (2) Flies carrying *UAS-GCaMP6m/tub-GAL80*^*ts*^*; R93G04-GAL4/UAS-dCREB2b* transgenes were used for Paired training (*dCREB2b*; thirsty) experiment.](pgen.1008963.g007){#pgen.1008963.g007}

![A brain circuitry model of *CREB2* and wLTM.\
The αβ surface neurons show an evoked calcium response to odors while the γ dorsal neurons show a decreased calcium response to odors in naïve flies. After odor/water association which induces the formation of wLTM, calcium response to training odor was further increased in αβ surface neurons, whereas the calcium response was further decreased in the γ dorsal neurons 24-hour after training. These increased and decreased cellular calcium responses to training odor in αβ surface and γ dorsal neurons, respectively, were abolished by *dCREB2b* expression, suggesting that training-induced cellular calcium responsive changes in distinct MB subsets form wLTM traces with different neuronal dynamics in thirsty fly.](pgen.1008963.g008){#pgen.1008963.g008}

Discussion {#sec007}
==========

CREB-dependent gene transcription is critical for memory formation, especially LTM, in both vertebrates and invertebrates \[[@pgen.1008963.ref004], [@pgen.1008963.ref024]\]. Several previous studies in *Drosophila* suggest that LTM formation requires CREB-dependent gene transcription followed by *de novo* protein synthesis \[[@pgen.1008963.ref001], [@pgen.1008963.ref003], [@pgen.1008963.ref006], [@pgen.1008963.ref009]\]. Moreover, it has been reported that CREB2 activity in both αβ and α′β′ neurons is critical for appetitive LTM produced by sugar-reward conditioning \[[@pgen.1008963.ref009], [@pgen.1008963.ref025]\]. Here, we observed that wLTM formation requires *de novo* protein synthesis in the αβ and γ neurons ([Fig 1](#pgen.1008963.g001){ref-type="fig"}). Moreover, adult stage-specific expression of the CREB2 repressor (*dCREB2b*) in αβ or γ neurons disrupts wLTM, whereas CREB2 activity in α′β′ neurons is dispensable ([Fig 2](#pgen.1008963.g002){ref-type="fig"}). Food or water deprivation is necessary to induce the motivational drive in flies to form sugar- or water-reward LTM since different motivational drives are critical for distinct memories. It has been shown that individual internal motivational inputs for sugar and water are delivered via distinct MB input neurons, which finally induce sugar- or water-reward LTM in different MB neuron subsets \[[@pgen.1008963.ref001], [@pgen.1008963.ref009], [@pgen.1008963.ref026], [@pgen.1008963.ref027]\]. Previous studies together with our current findings suggest that CREB2 activity is required for both sugar- and water-reward LTMs, however, these LTMs are processed in different MB circuits \[[@pgen.1008963.ref009], [@pgen.1008963.ref025]\].

Neurotransmission from αβ neurons is required for both shock-punitive and sugar-reward LTMs retrieval \[[@pgen.1008963.ref028]\], whereas neurotransmission from γ neurons is dispensable for retrieval of both shock-punitive and sugar-reward LTMs \[[@pgen.1008963.ref028], [@pgen.1008963.ref029]\]. However, our previous study showed that the neurotransmission from αβ and γ neurons is required for wLTM retrieval \[[@pgen.1008963.ref001]\] suggesting that wLTM is different from the other types of olfactory associative LTMs at MB circuit levels. The αβ and γ neurons are classified into αβ core, αβ surface, αβ posterior, γ main, and γ dorsal neuron subsets according to the morphology of their axons \[[@pgen.1008963.ref015]\]. It has been shown that neurotransmission from the combination of MB αβ surface and αβ posterior subsets is necessary for the retrieval of both shock-punitive and sugar-rewarded LTMs \[[@pgen.1008963.ref030]\]. Another study suggests that the neurotransmission from αβ surface and αβ core subsets is required for the retrieval of sugar-reward LTM \[[@pgen.1008963.ref031]\]. These results imply that several different subsets of αβ neurons participate in the retrieval of *Drosophila* sugar-reward LTM. Here, we showed that neurotransmission only from αβ surface is necessary for wLTM retrieval, whereas the αβ core and αβ posterior subdivisions are dispensable ([Fig 3](#pgen.1008963.g003){ref-type="fig"} and [S2 Fig](#pgen.1008963.s002){ref-type="supplementary-material"}). Contrary to the sugar reward conditioning in which γ neurons are dispensable for the retrieval of sugar-reward LTM \[[@pgen.1008963.ref028], [@pgen.1008963.ref029]\], wLTM retrieval requires neurotransmission from γ dorsal but not from γ main neuron subset ([Fig 4](#pgen.1008963.g004){ref-type="fig"} and [S2 Fig](#pgen.1008963.s002){ref-type="supplementary-material"}). Taken together, these results imply that γ dorsal neuronal activity is specifically required for wLTM retrieval but not for sugar-reward LTM. Adult stage-specific expression of *dCREB2b* or blocking *de novo* protein synthesis in αβ surface and γ dorsal neurons disrupts wLTM, further suggesting the crucial role of αβ surface and γ dorsal neurons in *Drosophila* wLTM process ([Fig 5](#pgen.1008963.g005){ref-type="fig"} and [S3 Fig](#pgen.1008963.s003){ref-type="supplementary-material"}).

Our previous study suggests that PAM-β′1 neurons convey the water-rewarding event as the US signal to the MB β′ lobes, and the neurotransmission in α′β′ neurons is required for wLTM consolidation \[[@pgen.1008963.ref001]\]. How the wLTM is transferred from α′β′ neurons and finally stored in αβ surface and γ dorsal neurons through system consolidation is still unclear. In both shock-punitive and sugar-reward LTMs, the neurotransmission in α′β′, γ, and, αβ neurons is required for at least 3 hours after conditioning, but the expression of 24-hour shock-punitive or sugar-rewarded memories only requires neurotransmission in αβ neurons \[[@pgen.1008963.ref028]\]. In addition, the expression of DopR1, a D1-like dopamine receptor, in the γ neurons is sufficient to fully support the shock-punitive STM and LTM in DopR1 mutant background (*dumb*^*2*^), suggesting that dopamine-mediated odor/shock association is registered in γ neurons and finally stabilized and maintained in αβ neurons for long-term storage \[[@pgen.1008963.ref032]\]. It might be possible that other MB input neurons (i.e., PAM) convey water rewarding events to MB αβ surface and γ dorsal neurons individually during water drinking in thirsty flies, which allow the initial odor/water associations in αβ surface and γ dorsal neurons \[[@pgen.1008963.ref001], [@pgen.1008963.ref011]\]. The synaptic output from α′β′ neurons is required for stabilizing and strengthening the associative plasticity in αβ surface and γ dorsal neurons during wLTM consolidation. How the α′β′ neurons communicate with αβ surface and γ dorsal neurons in wLTM consolidation phase, remains unclear. The intrinsic MB neurons, also known as the dorsal paired medial (DPM), arborize widely throughout the MB lobes and play a critical role in modulating MB functions \[[@pgen.1008963.ref033]--[@pgen.1008963.ref038]\], including the consolidation of olfactory memories \[[@pgen.1008963.ref009], [@pgen.1008963.ref039], [@pgen.1008963.ref040]\]. It might also be possible that DPM neurons receive the input from α′β′ neurons and transmit to αβ surface and γ dorsal neurons during wLTM consolidation. In addition, the output of MB Kenyon cells is conveyed to 34 neurons (MB output neuron, MBON) of 21 cell types per brain hemisphere, and 9 MBONs receive the inputs from α′β′ neurons \[[@pgen.1008963.ref041]\]. Another possibility is that the activity from α′β′ neurons is transmitted to αβ surface and γ dorsal neurons via the relevant α′β′ MBONs and their downstream neurons. Therefore, it is noteworthy to test the physiological roles of DPM neurons and α′β′ MBONs during consolidation phase of wLTM.

A significant increase in cellular calcium response to training odor in the αβ surface neurons, but not in other αβ neuron subsets, was observed 24-hour after water-reward conditioning ([Fig 6](#pgen.1008963.g006){ref-type="fig"}, [S4 Fig](#pgen.1008963.s004){ref-type="supplementary-material"} and [S5 Fig](#pgen.1008963.s005){ref-type="supplementary-material"}). These results are consistent with our behavioral study showing that neurotransmission from αβ surface neurons is required for wLTM retrieval, whereas the αβ core and αβ posterior neuron subsets are dispensable ([Fig 3](#pgen.1008963.g003){ref-type="fig"}). This training-induced increased calcium response was abolished in water-sated or *dCREB2b* expressing flies ([Fig 6](#pgen.1008963.g006){ref-type="fig"}). A previous study showed that the fly forms α-lobe branch-specific aversive LTM trace 24-hour after odor/shock conditioning \[[@pgen.1008963.ref020]\]. In our recent study, we also observed the α-lobe branch-specific aversive anesthesia-resistant memory (ARM) trace 3-hour after odor/shock conditioning \[[@pgen.1008963.ref023]\]. Intriguingly, we found that both α- and β- lobes of the surface neurons show increased calcium response to training odor 24-hour after odor/water conditioning, suggesting that the wLTM trace is not specific to the α-lobe branch ([Fig 6](#pgen.1008963.g006){ref-type="fig"} and [S5 Fig](#pgen.1008963.s005){ref-type="supplementary-material"}).

An increased GCaMP response to training odor in MB γ neurons is observed at 24-hour after ten sessions of spaced odor/shock training, and this increased calcium response is abolished by expressing *dCREB2b* in γ neurons throughout the fly development \[[@pgen.1008963.ref021]\]. Here, we found that γ main neuron subset shows an evoked calcium response to both odors, but no further increased calcium response to the training odor at 24-hour after water-reward conditioning was observed ([S7 Fig](#pgen.1008963.s007){ref-type="supplementary-material"}). A previous study suggests that γ dorsal neurons respond to visual stimuli, which is required for visual, but not for aversive olfactory memory in *Drosophila* \[[@pgen.1008963.ref042]\]. However, we observed a decreased calcium response to odor stimuli in the γ dorsal lobe ([Fig 7](#pgen.1008963.g007){ref-type="fig"} and [S6 Fig](#pgen.1008963.s006){ref-type="supplementary-material"}), which is consistent with the electrophysiological study showing slow inhibitory responses to odor stimuli in the γ dorsal neurons \[[@pgen.1008963.ref042]\]. Interestingly, we observed a further decrease in calcium responses to the training odor in the γ dorsal neurons 24-hour after water-reward conditioning ([Fig 7](#pgen.1008963.g007){ref-type="fig"}). This training-induced additional decrease in the calcium response is abolished in the water-sated or acutely *dCREB2b* expressing flies, suggesting a type of wLTM trace in the γ dorsal neurons different from the αβ surface neurons (Figs [6](#pgen.1008963.g006){ref-type="fig"}, [7](#pgen.1008963.g007){ref-type="fig"} and [8](#pgen.1008963.g008){ref-type="fig"}). Since blocking neurotransmission from the γ dorsal neuron subset during memory retrieval disrupts wLTM, why the γ dorsal neurons show additionally suppressed calcium response to training odor, needs to be answered. One possible explanation is that odor/water association alters the olfactory response of MB neurons to the training odor, and this change can be represented by an increased or decreased calcium response as compared to the response of the non-training odor (memory traces). The training-induced differences in odor responsive levels in the MB allow the flies to distinguish two odors by increasing the contrast and perform appropriate behavioral output during testing. However, *shi*^*ts*^ abolishes the increased or decreased training-odor responses thereby eliminating the contrast between odors, and consequently, the flies could not distinguish two odors and make appropriate behavioral output during testing.

In conclusion, our study show that αβ surface and γ dorsal neuron subsets regulate *Drosophila* wLTM. Blocking neurotransmission from αβ surface or γ dorsal neurons only abolishes wLTM retrieval but does not affect the olfactory acuity or water preference in thirsty flies (Figs [3](#pgen.1008963.g003){ref-type="fig"}, [4](#pgen.1008963.g004){ref-type="fig"} and [S2 Fig](#pgen.1008963.s002){ref-type="supplementary-material"}). Further, adult stage-specific expression of *dCREB2b* or blocking *de novo* protein synthesis in αβ surface and γ dorsal neurons disrupts wLTM ([Fig 5](#pgen.1008963.g005){ref-type="fig"} and [S3 Fig](#pgen.1008963.s003){ref-type="supplementary-material"}). Different dynamics of cellular wLTM traces are formed in the αβ surface and γ dorsal neurons, which are blocked by *dCREB2b* expression (Figs [6](#pgen.1008963.g006){ref-type="fig"}, [7](#pgen.1008963.g007){ref-type="fig"} and [8](#pgen.1008963.g008){ref-type="fig"}). Taken together, our results reveal a small population of MB neurons that encode wLTM in the brain and provide a broader view of the olfactory memory process in fruit flies.

Materials and methods {#sec008}
=====================

Fly stocks {#sec009}
----------

All the flies were reared on standard cornmeal food at 25°C and 60% relative humidity on a 12 h:12 h, light-dark cycle. *R13F02-GAL4*, *R16A06-GAL4*, *5HT1B-GAL4*, *C739-GAL4*, *VT44966-GAL4*, *VT30604-GAL4*, *VT57244-GAL4*, *tub-GAL80*^*ts*^*; UAS-dCREB2b*, *UAS-mCD8*::*GFP; UAS-mCD8*::*GFP*, *UAS-shi*^*ts*^, and *UAS-GCaMP6m* fly strains have been used as described previously \[[@pgen.1008963.ref001], [@pgen.1008963.ref023], [@pgen.1008963.ref035], [@pgen.1008963.ref037], [@pgen.1008963.ref043]--[@pgen.1008963.ref045]\]. *UAS-ricin*^*CS*^ and *MB607B-GAL4* flies were obtained from Ann-Shyn Chiang. *OK107-GAL4*, *VT14429-GAL4*, *VT24615-GAL4*, *VT20803-GAL4*, *VT21845-GAL4*, *VT0841-GAL4*, *VT8347-GAL4*, *R64C08-GAL4*, and *R93G04-GAL4* fly strains were obtained from the Vienna *Drosophila* Resource Center and Bloomington *Drosophila* Stock Center.

Immunohistochemistry and brain imaging {#sec010}
--------------------------------------

Fly brains were dissected in isotonic phosphate buffered saline (PBS) and transferred to 4% paraformaldehyde (PFA) for fixation for 20 min at 25°C. The samples were then incubated in penetration and blocking buffer (PBS containing 2% Triton X-100 and 10% normal goat serum) for 2 h at 25°C. The brain samples were also subjected to a degassing procedure during the 2 h penetration and blocking period. Thereafter, the brains were incubated in 1:10 diluted mouse 4F3 anti-discs large (DLG) monoclonal antibody (AB 528203, Developmental Studies Hybridoma Bank, University of Iowa) at 25°C for 24 h. After washing in PBS-T (PBS containing 1% Triton X-100), the samples were incubated in 1:200 biotinylated goat anti-mouse IgG (31800, Thermo Fisher Scientific) at 25°C for 24 h. Next, the brain samples were washed and incubated in 1:500 Alexa Fluor 635 streptavidin (S32364, Thermo Fisher Scientific) at 25°C for 24 h. After intensive washing in PBS-T, the brains were cleared and mounted in FocusClear (FC-101, CelExplorer) for imaging. The brains were imaged under a Zeiss LSM 700 confocal microscope with either a 40× C-Apochromat water-immersion objective (N.A. value, 1.2; working distance, 220 μm) or a 63× glycerin-immersion objective (N.A. value, 1.4; working distance, 170 μm). The confocal pinhole (optical section) was set at 2 μm for images taken with the 40× objective lens and at 1.5 μm when imaging at 63× objective lens. Some slides were imaged twice to overcome the limited field of view; one image for each brain hemisphere, with an overlap in between. Two parallel brain image stacks were combined into a single dataset using the overlapping region to align the two confocal stacks by ZEN software.

Behavioral assay {#sec011}
----------------

The wLTM assay has been described in our previous study \[[@pgen.1008963.ref001]\]. Briefly, the flies were water deprived by keeping them in a glass milk bottle containing a 6 cm × 3 cm piece of dry sucrose-soaked filter paper for 16 h before water-reward conditioning assay. The flies were first exposed to one odor for 2 min (CS−: 4-methylcyclohexanol (MCH) or 3-octanol (OCT)) in a tube lined with dry filter paper, followed by 1 min of fresh room air. The flies were then transferred to another tube that contained a water-soaked filter paper and exposed to a second odor for another 2 min (CS+: OCT or MCH). After that, the flies were transferred to a clean training tube and exposed to fresh room air for 1 min. The trained flies were kept in a plastic vial that contained a 1.5 cm × 3 cm piece of a dried sucrose-soaked filter paper during the 24 h interval. During the testing phase, the flies were presented with a choice between CS+ and CS− odors in a T-maze for 2 min. From this distribution, a performance index (PI) was calculated as the number of flies running toward the CS+ odor minus the number of flies running towards the CS− odor, divided by the total number of flies and multiplied by 100. For the calculation of individual PI, naive flies were first trained by pairing water with OCT (CS+), and the PI~O~ index was calculated. Next, another group of naive flies was trained by pairing water with MCH (CS+), and the PI~M~ index was calculated. A single PI was calculated from the average of single PI~O~ and PI~M~ values. For the RICIN^CS^-related experiments, the flies were kept at 18°C until eclosion and during the training. The trained flies were then moved to 30°C for 12 h right after the training, and moved back to 18°C for another 12 h and then tested. For the control groups, the flies were kept at 18°C throughout the whole experiment. In *shi*^*ts*^-related experiments for blocking neurotransmitter output during wLTM retrieval, flies were trained at 23°C and then maintained at 23°C for 23.5 h followed by 32°C for 0.5 h and tested. For adult stage-specific *dCREB2b* expression with *tub-GAL80*^*ts*^, flies were kept at 18°C until eclosion and then moved to 30°C for 3 days before water conditioning. The water-reward conditioning was performed at 30°C and the trained flies were kept at 30°C for 8 h and then moved back to 18°C for 16 h and tested. For the control groups, flies were kept at 18°C throughout the whole experiment.

Olfactory acuity assay {#sec012}
----------------------

Groups of approximately 50 water-deprived naïve flies were subjected to a 2-min test trial in the T-maze at a restrictive temperature (32°C) for olfactory acuity assay. Flies were given a choice between OCT/MCH and 'fresh' room air. The odor avoidance index was calculated as the number of flies in the fresh room-air tube minus the number of flies in the OCT or MCH odor tube, divided by the total number of flies, and multiplied by 100.

Water preference assay {#sec013}
----------------------

Groups of approximately 50 water-deprived naïve flies were given 2 min to choose between tubes in a T-maze at a restrictive temperature (32°C) for water preference assay, with one tube containing a dry filter paper and the other tube containing a water-soaked filter paper. The water preference index was calculated as the number of flies in the tube containing a water-soaked filter paper minus the number of flies in the tube containing a dry filter paper, divided by the total number of flies, and multiplied by 100.

*In vivo* calcium imaging {#sec014}
-------------------------

The flies carrying (1) *UAS-GCaMP6m/tub-GAL80*^*ts*^*; VT20803-GAL4/+*, (2) *UAS-GCaMP6m/tub-GAL80*^*ts*^*; VT20803-GAL4/UAS-dCREB2b*, (3) *UAS-GCaMP6m/tub-GAL80*^*ts*^*; R93G04-GAL4/+*, and (4) *UAS-GCaMP6m/tub-GAL80*^*ts*^*; R93G04-GAL4/UAS-dCREB2b* transgenes were kept at 18°C until eclosion. After, the flies were kept at 30°C for 3 days before training. The water-reward conditioning was performed at 30°C and the trained flies were kept at 30°C for 8 h then moved back to 18°C for another 16 h. The *in vivo* calcium imaging was performed at 25°C. The flies carrying (1) *UAS-GCaMP6m/+; VT0841-GAL4/+*, (2) *UAS-GCaMP6m/+; VT20803-GAL4/+*, (3) *UAS-GCaMP6m/+; R93G04-GAL4/+*, and (4) *UAS-GCaMP6m/+; R64C08-GAL4/+* transgenes were kept at 25°C throughout the experiment. For the paired training group: flies received CS− odor without water, followed by exposure to the CS+ odor with water. For the unpaired training group: flies received CS− odor without water, followed by exposure to the CS+ odor without water, and water was provided 1 min after the CS+ odor delivery.

The flies from the paired or unpaired training groups were immobilized in a 250-ml pipette tip. A window was opened on the head capsule using fine tweezers and a drop of adult hemolymph-like (AHL) saline (108 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 8.2 mM MgCl~2~, 4 mM NaHCO~3~, 1 mM NaH~2~PO~4~, 5 mM trehalose, 10 mM sucrose, and 5 mM HEPES (pH 7.5, 265 mOsm)) was added immediately to prevent dehydration. After removing the small trachea and excessive fat with fine tweezers, the fly and the pipette tip were fixed to a coverslip by tape, and a 40× water immersion objective (W Plan-Apochromat 40×/1.0 DIC M27) was used for imaging. Odorants were delivered via a custom-made odor delivery device. The frames were aligned using a lightweight SIFT-implementation to correct the motion artifacts. The calcium responses were calculated as the mean change in fluorescence intensity (ΔF/F) in the 0.1--5 s window after stimulus onset. Time-lapse recordings of changes in GCaMP intensity before and after odor delivery were performed under a Zeiss LSM700 microscope with an excitation laser (488 nm) and a detector for emissions passing through a 555 nm short-pass filter. An optical slice with a resolution of 512 × 512 pixels was continuously monitored for 45 s at a rate of 2 frames per second. Regions of interest were manually assigned to anatomically different regions of the MB lobes. To evaluate responses to different odors in flies, we calculated the changes in GCaMP6 fluorescence as ΔF(Ft--F~0~)/F(F~0~). Changes in GCaMP6 fluorescent intensity for the CS+ vs. CS− odors were calculated as log~10~ (ΔF~CS+~/ΔF~CS−~). The intensity maps were generated using ImageJ software for all functional calcium imaging studies.

Statistical analysis {#sec015}
--------------------

All the raw data were analyzed parametrically using the Prism 7.0 software (GraphPad). The raw data from more than two groups were evaluated by one-way analysis of variance (ANOVA) and Tukey's multiple comparison test. The raw data from only two groups were evaluated by paired t-test. The one sample t-test was used to evaluate whether the raw data from one group is significantly different from zero or not. A statistically significant difference was defined as P \< 0.05. All data were presented as mean ± standard error of the mean (SEM).

Supporting information {#sec016}
======================

###### GFP expression pattern driven by MB-GAL4s used in this study.

\(A\) The expression pattern of *R13F02-GAL4-*driven GFP expression in γ, αβ, and α′β′ neurons. (B) The expression pattern of *R16A06-GAL4-*driven GFP expression in γ neurons. (C) The expression pattern of *5HT1B-GAL4-*driven GFP expression in γ neurons. (D) The expression pattern of *C739-GAL4-*driven GFP expression in αβ neurons. (E) The expression pattern of *VT49246-GAL4-*driven GFP expression in αβ neurons. (F) The expression pattern of *VT30604-GAL4-*driven GFP expression in α′β′ neurons. (G) The expression pattern of *VT57244-GAL4-*driven GFP expression in α′β′ neurons. (H) The expression pattern of *OK107-GAL4-*driven GFP expression in γ, αβ, and α′β′ neurons. The brain neuropils were immunostained with anti-DLG antibody (magenta). Scale bar represents 50 μm.

(TIF)

###### 

Click here for additional data file.

###### Behavioral control experiments in MB-GAL4s combined with *UAS-shi*^*ts*^.

\(A\) Normal olfactory acuity to OCT or MCH and normal water preference at restrictive temperature (32°C) in thirsty *VT20803-GAL4 \> UAS-shi*^*ts*^ flies. Each value represents mean ± SEM, (N = 14 for olfactory acuity; N = 8 for water preference). p \> 0.05; one-way ANOVA. (B) Normal olfactory acuity to OCT or MCH and normal water preference at restrictive temperature (32°C) in thirsty *VT21845-GAL4 \> UAS-shi*^*ts*^ flies. Each value represents mean ± SEM, (N = 6 for olfactory acuity; N = 6 for water preference). p \> 0.05; one-way ANOVA. (C) Normal olfactory acuity to OCT or MCH and normal water preference at restrictive temperature (32°C) in thirsty *R93G04-GAL4 \> UAS-shi*^*ts*^ flies. Each value represents mean ± SEM, (N = 6 for olfactory acuity; N = 6 for water preference). p \> 0.05; one-way ANOVA. (D) Normal olfactory acuity to OCT or MCH and normal water preference at restrictive temperature (32°C) in thirsty *MB607B-GAL4 \> UAS-shi*^*ts*^ flies. Each value represents mean ± SEM, (N = 6\~8 for olfactory acuity; N = 8\~9 for water preference). p \> 0.05; one-way ANOVA.

(TIF)

###### 

Click here for additional data file.

###### Blocking *de novo* protein synthesis in αβ surface and γ dorsal neurons during memory formation disrupts wLTM.

\(A\) Blocking protein synthesis in αβ surface neurons using *VT20803-GAL4* to drive the expression of activated RICIN^CS^ (30°C) during memory formation impaired wLTM (left panel). Each value represents mean ± SEM (N = 11). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal with inactive RICIN^CS^ (18°C) expression in αβ surface neurons all the way during behavioral assay (right panel). Each value represents mean ± SEM (N = 8\~9). p \> 0.05; one-way ANOVA. (B) Blocking protein synthesis in γ dorsal neurons using *R93G04-GAL4* to drive the expression of activated RICIN^CS^ (30°C) during memory formation impaired wLTM (left panel). Each value represents mean ± SEM (N = 11). \*, p \< 0.05; one-way ANOVA followed by Tukey's test. The 24-hour water-reward memory was normal with inactive RICIN^CS^ (18°C) expression in γ dorsal neurons all the way during behavioral assay (right panel). Each value represents mean ± SEM (N = 9\~10). p \> 0.05; one-way ANOVA.

(TIF)

###### 

Click here for additional data file.

###### αβ core neurons do not form wLTM trace.

\(A\) The GCaMP6 response 24-hour after water-reward conditioning was assayed in αβ core neurons (the image-recording region is showed in the top left figure). For the paired training group: flies received CS− odor without water-reward (US), followed by exposure to the CS+ odor with water-reward. For the unpaired training group: flies received CS− odor without water-reward, followed by exposure to CS+ odor without water-reward, and the water-reward was delivered 1-minute later after CS+ odor. Odor/water paired training did not induce wLTM trace 24-hour post-conditioning in the α-lobe region of the αβ core neurons to the training odor \[OCT-trained flies: OCT (CS+), MCH-trained flies: MCH (CS+)\] in thirsty-state. (B) Quantification of the GCaMP6 responses to the training odor (CS+) relative to the non-training odor (CS−) in the α-lobe region of αβ core neurons 24-hour post-conditioning in OCT-trained (red bar) or MCH-trained (green bar) flies. The Log ratios of the CS+ response to the CS− response were calculated using the peak response amplitudes. Each value represents mean ± SEM (N = 6\~11). Each bar is not statistically significantly different from zero, p \> 0.05; one sample t-test. Genotype: *UAS-GCaMP6m/+; VT0841-GAL4/+*.

(TIF)

###### 

Click here for additional data file.

###### Horizontal lobe of αβ surface neurons forms wLTM trace.

\(A\) The GCaMP6 response 24-hour after water-reward conditioning was assayed in αβ surface neurons (the image-recording region is showed in the top left figure). For the paired training group: flies received CS− odor without water-reward (US), followed by exposure to the CS+ odor with water-reward. For the unpaired training group: flies received CS− odor without water-reward, followed by exposure to CS+ odor without water-reward, and the water-reward was delivered 1-minute later after CS+ odor. Odor/water paired training induced an increase in the GCaMP6 responses in the β-lobe region of the αβ surface neurons to the training odor \[OCT-trained flies: OCT (CS+), MCH-trained flies: MCH (CS+)\] in thirsty-state. (B) Quantification of the increased GCaMP6 responses to the training odor (CS+) relative to the non-training odor (CS−) in the β-lobe region of αβ surface neurons 24-hour post-conditioning in OCT-trained (red bar) or MCH-trained (green bar) flies. The Log ratios of the CS+ response to the CS− response were calculated using the peak response amplitudes. Each value represents mean ± SEM (N = 6\~8). \*, p \< 0.05; statistically significantly different from zero; one sample t-test. Genotype: *UAS-GCaMP6m/+; VT20803-GAL4/+*.

(TIF)

###### 

Click here for additional data file.

###### γ dorsal neurons show decreased calcium responses to odors.

\(A\) Naïve flies carrying *UAS-GCaMP6m/+; R93G04-GAL4/+* transgenes were used to perform calcium imaging experiment of odor response. Flies show significantly decreased calcium responses to OCT and MCH in each γ dorsal subdomain. (B) Quantification of the GCaMP6 responses to OCT and MCH in each γ dorsal subdomain in naïve flies. Each value represents mean ± SEM (N = 9).

(TIF)

###### 

Click here for additional data file.

###### γ main neurons do not form wLTM trace.

\(A\) The GCaMP6 response 24-hour after water-reward conditioning was assayed in γ main neurons (the image-recording region is showed in the top left figure). For the paired training group: flies received CS− odor without water-reward (US), followed by exposure to the CS+ odor with water-reward. For the unpaired training group: flies received CS− odor without water-reward, followed by exposure to CS+ odor without water-reward, and the water-reward was delivered 1-minute later after CS+ odor. Odor/water paired training did not induce wLTM trace 24-hour post-conditioning in the γ-lobe region of the γ main neurons to the training odor \[OCT-trained flies: OCT (CS+), MCH-trained flies: MCH (CS+)\] in thirsty-state. (B) Quantification of the GCaMP6 responses to the training odor (CS+) relative to the non-training odor (CS−) in the γ-lobe region of the γ main neurons in OCT-trained (red bar) or MCH-trained (green bar) flies 24-hour post-conditioning. The Log ratios of the CS+ response to the CS− response were calculated using the peak response amplitudes. Each value represents mean ± SEM (N = 7). Each bar is not statistically significantly different from zero, p \> 0.05; one sample t-test. Genotype: *UAS-GCaMP6m/+; R64C08-GAL4/+*.

(TIF)

###### 

Click here for additional data file.

###### Numerical data for graphs.

(XLSX)

###### 

Click here for additional data file.

We thank Wei-Huan Shyu for help with the initial setup of *in vivo* calcium imaging assays. We thank Bloomington *Drosophila* Stock Center, Vienna *Drosophila* RNAi Center, Vienna Tile (VT) Library, Fly Core in Taiwan, and Ann-Shyn Chiang for providing fly stocks.

10.1371/journal.pgen.1008963.r001

Decision Letter 0

Barsh

Gregory S.

Editor-in-Chief

Hasan

Gaiti

Associate Editor

© 2020 Barsh, Hasan

2020

Barsh, Hasan

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

5 May 2020

\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Dr Wu,

Thank you very much for submitting your Research Article entitled \'Neural circuits encode CREB2-dependent water-reward long-term memory\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important topic but identified some aspects of the manuscript that should be improved.

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer.

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

Please let us know if you have any questions while making these revisions.

Yours sincerely,

Gaiti Hasan

Associate Editor

PLOS Genetics

Gregory Barsh

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: This work systematically investigates the location of water-reward long-term memory (wLTM) among different types of the mushroom body (MB) neurons in Drosophila. The data are very solid. The results are instructive for studying neural circuits of long-term memory. It is suitable to publish in PLOS Genetics. There are some minor concerns below.

1, In the abstract, "protein synthesis followed by the conserved cAMP response element binding protein (CREB)-dependent gene transcription". The order of protein synthesis and transcription seems reversed.

2, Line 49, "... required for retrieval, but not for acquisition or consolidation of wLTM". There is no evidence for such a statement in this manuscript. The previous study should be cited here.

3, In figure 2 and figure 5, it is more clear and helpful for readers if the information about neuron types (γ main, γ dorsal, or ...) driven by different Gal4 lines is also provided in the figures.

4, In figure 6 and figure 7, it is better to provide a sketch of imaging protocol (time points for thirsty, training, imaging, and how to perform unpaired training).

Reviewer \#2: In this manuscript, Lee et al characterize the role of the mushroom bodies in forming long-term water memories (wLTM). Drosophila have long been a leading model for the study of associative memory formation, historically relying on a paradigm where electric shock is paired with an odor. The study of water memories provide a number of significant advantages, including its ethological relevance and greater potential to map neural circuits carrying the US to the mushroom bodies. Therefore, studying wLTM is likely to be of broad interest to the community. This manuscript describes an acute requirement for protein synthesis in the mushroom bodies, and identifies physiological changes in defined lobes that are associated with memory. Overall, the manuscript is well written and scientifically sound. I have some concerns about whether the findings presented represent a significant advance over the groups 2017 paper that defined MB-neurons required for LTM formation. I have made a number of suggestions below that may help address potential weaknesses and enhance the impact of the manuscript. Overall, this manuscript is likely to be well received based on the under-studied nature of wLTM and the identification of physiological changes within specific MB lobes that associate with memory formation.

Major comments

1\. 2.Based on the temperature shift protocols, it seems that expression dCREB2 and dRicin for 8 hrs after training impairs long-term memory. An alternative explanation is these manipulations induce irrevocable harm to the neurons. For these reasons the conclusion really requires a time-point the flies can recover from, and not be impacted (for example, 8-16hrs after training, or immediately prior to training).

2\. For shibire experiments in figure 3, it would be helpful to also examine the consolidation period after testing, when protein-synthesis is found to be critical.

3\. I have concerns about the use of the word engram throughout the manuscript. My understand is engram is the site of memory formation. Here, it seems this is interpreted more broadly and applied to any physiological change associated with memory.

4\. Discussion does nto sufficiently address a few key aspects that will represent these findings in the broader context of fly memory. First, many types of fly memories are mushroom body dependent. At the level of neural circuits, what is shared and what is different? Second, are there further subsets of neurons within the MBs, and if so, how should this be interpreted given that the driver lines used for imaging cannot parse these subsets?

Minor Comments

1\. For non-experts, it would be helpful to include images, or at least diagram showing the mushroom body lobes in Figures 1 and 2. Also please specify the expression pattern near the graph, in addition to the driver line.

Reviewer \#3: Lee et al. addressed different subsets of mushroom body neurons for water-rewarded long-term memory (wLTM). The main findings of this work are: 1) post-training protein synthesis and dCREB2b functions in a/b-surface and g-dorsal neurons are essential for wLTM; 2) neurotransmission of the neurons at the wLTM retrieval is necessary for conditioned odor approach; 3) odor responses in these mushroom body neurons undergo training-dependent changes. Overall, results are more or less straightforward, and I am generally supportive for publication if the authors address following points.

1\) Discussion is very minimalistic. For example, the Wu lab identified the PAM-b'1 neurons conveying water reward for wLTM (Shyu 2017 Nat Commun), while the current study showed that a'/b' neurons have limited roles in wLTM. Why? How do the authors suggest the reward input in the b' lobe causes associative plasticity in the a/b and g neurons? Another point of question is whether post-training protein synthesis is required in the a/b-surface and g-dorsal neurons. This could have been easily addressed with ricin-cs. The authors should provide more discussion.

2\) "Engram neurons" and "cellular memory trace" should be used more carefully. These terms refer to cells that receive CS and US information and undergo plastic changes necessary and sufficient for memory (Gerber 2004 Curr Opin Neurobiol; Tonegawa 2015 Neuron). In that sense, the authors' definition "The cellular memory traces can be any neural activity change induced by learning" (L173-4) is too forgiving. Under this definition, whatever changes downstream of neurons undergoing associative plasiticty can be included. The authors should tone down because these neurons undergoing training-dependent odor responses may not receive the information of water reward during training (cf. Shyu 2017).

3\) Potential effects on water drinking by expression of dCREB2b in Kenyon cells should be experimentally tested because there are several studies showing that these cells are also important in regulation of feeding (e.g. Tsao 2018 eLife; Landayan 2018 Sci Rep).

4\) I do not understand why the authors switched to use shibirets1 to narrow down the KC types (Figure 3, 4). Basically, expressions of shi and dCREB2b/ricin-cs address different cellular processes.

5\) The title should be more specific. Current title just says that CREB2 is necessary for wLTM in some neural circuits.

6\) Is there any evidence supporting the claim "wLTM can last for over 24-hours without any decay" (L24)? Shyu 2017 Nat Comm seems to show some, not huge though, decay.

7\) "ANOVA followed by Tukey's test" (694-5, 719-20). Is it correct? It looks the authors tested the difference from zero (Figure 6B, 7B).

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: None

Reviewer \#2: Yes

Reviewer \#3: None

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: No
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29 Jun 2020

Dear Dr Wu,

We are pleased to inform you that your manuscript entitled \"Mushroom body subsets encode CREB2-dependent water-reward long-term memory in Drosophila\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Genetics!

Yours sincerely,

Gaiti Hasan

Associate Editor

PLOS Genetics

Gregory Barsh

Editor-in-Chief

PLOS Genetics

[www.plosgenetics.org](http://www.plosgenetics.org)

Twitter: \@PLOSGenetics

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

Comments from the reviewers (if applicable):

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: All my concerns have been cleared.

Reviewer \#2: The authors have addressed all of my concerns. The revised manuscript includes additional justification for experiments and references that alleviate my concerns about multiple controls. In addition this version includes additional images and discussion that improve accessibility to general readership.

Reviewer \#3: The authors addressed all my comments in this revision. Although some points could have been more completely (e.g. the term \"memory trace\" as pointed by another reviewer, too), these should be a subject of post-publication discussion. It is overall ready to be published.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: None

Reviewer \#2: Yes

Reviewer \#3: None

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: **Yes: **Alex Keene

Reviewer \#3: No

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Data Deposition**

If you have submitted a Research Article or Front Matter that has associated data that are not suitable for deposition in a subject-specific public repository (such as GenBank or ArrayExpress), one way to make that data available is to deposit it in the [Dryad Digital Repository](http://www.datadryad.org). As you may recall, we ask all authors to agree to make data available; this is one way to achieve that. A full list of recommended repositories can be found on our [website](http://journals.plos.org/plosgenetics/s/data-availability#loc-recommended-repositories).

The following link will take you to the Dryad record for your article, so you won\'t have to re‐enter its bibliographic information, and can upload your files directly: 

<http://datadryad.org/submit?journalID=pgenetics&manu=PGENETICS-D-20-00452R1>

More information about depositing data in Dryad is available at <http://www.datadryad.org/depositing>. If you experience any difficulties in submitting your data, please contact <help@datadryad.org> for support.

Additionally, please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying display items are included with the submission, and you will need to provide this before we can formally accept your manuscript, if not already present.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Press Queries**

If you or your institution will be preparing press materials for this manuscript, or if you need to know your paper\'s publication date for media purposes, please inform the journal staff as soon as possible so that your submission can be scheduled accordingly. Your manuscript will remain under a strict press embargo until the publication date and time. This means an early version of your manuscript will not be published ahead of your final version. PLOS Genetics may also choose to issue a press release for your article. If there\'s anything the journal should know or you\'d like more information, please get in touch via <plosgenetics@plos.org>.

10.1371/journal.pgen.1008963.r004

Acceptance letter

Barsh

Gregory S.

Editor-in-Chief

Hasan

Gaiti

Associate Editor

© 2020 Barsh, Hasan

2020

Barsh, Hasan

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

23 Jul 2020

PGENETICS-D-20-00452R1

Mushroom body subsets encode CREB2-dependent water-reward long-term memory in Drosophila

Dear Dr Wu,

We are pleased to inform you that your manuscript entitled \"Mushroom body subsets encode CREB2-dependent water-reward long-term memory in Drosophila\" has been formally accepted for publication in PLOS Genetics! Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out or your manuscript is a front-matter piece, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting PLOS Genetics and open-access publishing. We are looking forward to publishing your work!

With kind regards,

Jason Norris

PLOS Genetics

On behalf of:

The PLOS Genetics Team

Carlyle House, Carlyle Road, Cambridge CB4 3DN \| United Kingdom

<plosgenetics@plos.org> \| +44 (0) 1223-442823

[plosgenetics.org](http://plosgenetics.org) \| Twitter: \@PLOSGenetics

[^1]: The authors have declared that no competing interests exist.
